It is argued that mechanical action can induce a unique chemical reaction, if enough mechanical energy is concentrated in the bonds involved in the process to bypass the activation energy. This can happen at crack tips, at the core of dislocations, or at the asperities of colliding or sliding surfaces. A mechanical reaction is always complex, as the macroscopic work is distributed among many possible reaction sites. In comparison, an elementary photochemical reaction is induced by a single photon, while thermochemical reactions rely on the accidental concentration of energy by thermal uctuations. The paper also compares mechanochemical synthesis in a ball mill with reactions under well-dened loading conditions and mechanochemical experiments carried out on the molecular scale. Closer interaction among those branches of mechanochemistry is urged.
It is argued that mechanical action can induce a unique chemical reaction, if enough mechanical energy is concentrated in the bonds involved in the process to bypass the activation energy. This can happen at crack tips, at the core of dislocations, or at the asperities of colliding or sliding surfaces. A mechanical reaction is always complex, as the macroscopic work is distributed among many possible reaction sites. In comparison, an elementary photochemical reaction is induced by a single photon, while thermochemical reactions rely on the accidental concentration of energy by thermal uctuations. The paper also compares mechanochemical synthesis in a ball mill with reactions under well-dened loading conditions and mechanochemical experiments carried out on the molecular scale. Closer interaction among those branches of mechanochemistry is urged. [1] . Applied to metallurgical systems, the same process is called mechanical alloying [2] . Elastic deformation inuences chemical behavior, e.g. decreases the resistance to corrosion [3] . In a sliding contact, chemical changes happen to both the sliding surfaces and the lubricant [4] . Phase transformations and reactions can occur due to plastic deformation, as shown in high pressure torsion experiments [5] . It is possible to form and break bonds in individual molecules, using atomic force microscopy (AFM) [6] . Muscles convert chemical energy to motion [7] . Even if the last example is left for biochemistry, we are dealing with a broad variety of phenomena. Should we consider all of them mechanochemistry?
What are the criteria? What makes mechanochemical reactions unique?
Although chemical changes caused by mechanical action have been known since the beginnings of chemistry [8] , the distinct dierence between thermochemical and mechanochemical reactions was demonstrated only at the end of the 19th century, when M. Carey Lea showed that AgCl and HgCl 2 decompose upon tritura- * e-mail: takacs@umbc.edu tion, although they melt or sublime when heated [9] .
These results prompted Wilhelm Ostwald to consider mechanochemistry a separate branch of chemistry [10] .
Starting from his classication, it is natural to identify the distinguishing features of mechanochemistry by comparing them with the other areas of chemistry, namely thermochemistry, photochemistry, and electrochemistry.
Comparison of reactions according
to the source of energy Any chemical reaction must pass through an energy barrier, thus its rate relates to the Arrhenius equation
The activation energy E a is the energy needed to induce an elementary reaction.
The energy source of ordinary thermochemical reactions is heat. In order to initiate the reaction, thermal uctuations must concentrate sucient energy in the bonds involved in the process to bypass the activation en- (a) The unfolding, stretching, and rupture of long organic molecules are studied under tension in an AFM [11] . While very interesting and illuminating, such studies are carried out in a solution that often contains active ingredients. Therefore, the exact role of the mechanical pull is not clear.
(b) Forming, stretching, and rupturing of a single--atom-thick wire in high vacuum is possible by pulling a gold-coated AFM tip away from a gold surface [12] .
Both experiment and simulation [13] provide about 1. ing and pulling [14] .
As a rst approximation, breaking of a bond in a single-molecule experiment can be described in terms of a modied Arrhenius equation inspired by the Zhurkov equation proposed to describe time-dependent mechanical phenomena [15] :
The term αF was added to the Arrhenius equation to describe the eect of the external tensile force F ; α is an appropriate constant. [3] . Corrosion under the inuence of elastic stress is a surface phenomenon, thus it is a good example of a purely elastic eect. This case will not be discussed any further.
If the deformation is larger than the elastic limit, the external mechanical work is still distributed among many bonds, but the distribution is far from uniform. Energy is concentrated:
• at the tip of the crack during the fracture of a brittle material,
• in slip planes and within the slip planes in dislocations during plastic deformation of a ductile material,
• at asperities between two surfaces sliding over each other or impacting each other.
In every case, many bonds are aected simultaneously and the distribution of the external work into a multitude of aected sites is an essential component of any mechanochemical phenomenon.
There are two possible ways to study bulk mechanochemical processes:
• Fracture, phase transformations, and reactions are investigated under well-dened loading conditions. Such experiments are intended for fundamental investigations. The objective is to design simple situations that can be investigated both experimentally and theoretically (including computer simulation).
• Mechanochemical synthesis is carried out in milling devices. It is a complex mixture of stochastic processes that is dicult to describe on the fundamental level. On the other hand, it is relatively easy to obtain bulk empirical information about the reaction kinetics. Many elementary steps are involved in ball milling and several have mechanochemical elements.
Further progress in mechanochemistry requires closer connection between fundamental studies and practical mechanochemical synthesis.
Reactions and alloying under simple loading conditions
Breaking of bonds at the tip of a crack during the cleavage of a brittle crystal is a fundamental mechanochemical phenomenon that can be studied under controlled conditions [16, 17] . Usually the emission of light, electrons, atoms, and atom clusters is measured as a function of time. The simple geometry also lends itself to theoretical investigations [18] and computer modeling [19] . The ing occurs across interfaces [25] or reactant particles rub against each other and either new compound grains rollers form [26] or direct mixing takes place at the interface [27] .
Although it would be useful to come up with a complete and predictive model of ball milling-induced chemical reactions and mechanical alloying, the process is too complicated and consequently the development of such a model is unlikely. Understanding can be derived from highly simplied global models [28] and theories that focus on certain aspects of the process [29] . Inevitably, the inadequacies of models must be lled with well-planned empirical exploration.
Conclusions
Unique mechanochemical reactions take place, when mechanical energy gets concentrated on the atomic level, so that the locally available energy is comparable to or even larger than the activation energy of a reaction that would be impossible thermally. 
